The advent of new tools for the acquisition and processing of multicomponent seismic data has made substantial improvements in the quality of modern shearwave measurements. With this improved quality comes the opportunity to assess the information that the amplitudes of these seismic records impart. Aki and Richards (2002) derived a theory that describes the contribution of different rock properties to the P-S seismic amplitude response. In particular, they show that the amplitudes recorded in the P-S converted-wave gathers are related only to the density and shear reflectivities. The significance of this result is that it is viable to estimate the density of the rock in a reservoir directly from amplitude preserved P-S seismic gathers using the P-S Amplitude Versus Offset (AVO) technique. The advantage of this approach over the P-wave AVO method is that the density effect is measurable at much shorter shot-receiver offsets because the converted S-wave is reflected at a much sharper angle than the corresponding P-wave. In fact, the required P-S shot-receiver offsets are typically less than two-thirds of the corresponding P-wave offsets.
Introduction
The means of doing P-S AVO has been around since 1980 when Aki and Richards published an approximation to the Zoeppritz (1919) equations. This was done for P-S data as well as for the more familiar P-P approximation and for all other combinations of P, S V and S H waves. A major change in recent years has been the improvement in the data quality observed in P-S V or 3C (ThreeComponent) seismic data. These changes have come about due to vast improvements in acquisition technology (e.g. VectorSeis ™ phones) and in processing algorithms for these data. The result of these advances is that 3C data is now of such quality that we can consider extracting amplitude information from it. To do this, Aki and Richards' equation can be inverted for the parameters contained in it, which are the reflectivities of shear-wave velocity (β), and density (ρ) or any combination thereof. In this presentation, this is done for both synthetic seismic data and seismic data acquired over the Long Lake Project, a Nexen/OPTI synthetic oil joint venture in North-Eastern Alberta. The P-S AVO results from the synthetic data show that the equations, as implemented generate the correct response. The P-S AVO results from the Long Lake Project indicate that they might provide a solution to one of the most significant problems in this heavy oil reservoir: the detection of shale plugs that interfere with the SAGD (Steam-Assisted Gravity Drainage) production method being used here. Aki and Richards (2002) show AVO approximations for the Zoeppritz (1919) equations, which are derived based on the assumptions of small contrasts in elastic properties between two similar half-spaces. The more familiar is the P-P approximation, but approximations were also derived for all combinations of down-going and up-going P, S V and S H waves. This paper examines what can be done using the P-S V approximation, which is appropriate for modern 3C methods that produce P-S V "converted-waves". This equation takes the following form, using Aki and Richards' (2002) 
Theory
Thus, the converted wave response depends only on the contrasts in shear velocity and density. This is substantially different and simpler than the P-P case; where the response depends upon contrasts in the compressional velocity, shear velocity and density. Using, for example, Wang and Nur's (1992) relationships between common elastic parameters, the P-S V "converted-wave" response can be related to the reflectivity of the density (∆ρ/ρ) and the reflectivity of one of the shear velocity (∆β/β), the shear impedance (∆β/β+∆ρ/ρ) (Ursenbach and Stewart, 2002) or the shear rigidity (∆µ/µ). Contrary to the current practice in P-P AVO (e.g. Verm and Hilterman, 1995) , these equations are simple enough to be implemented "as is" without any further approximations, although approximations have been proposed (e.g. Donati and Martin, 1998) . 
Synthetic Results
Fig . 2 shows noise-free synthetic data generated using Aki and Richards' equation. These show perfect results for the P-S AVO inversion indicating that the P-S AVO equations are consistent with Aki and Richards' approximation. Fig. 3 shows synthetic data derived using ATRAK software (Guest and Kendall, 1993) , which uses the full stress-strain tensors. P-S AVO results from these synthetic data are shown in Fig. 4 . These results show good correlations to the values of mu reflectivity (calculated from the model Vs and density) and density reflectivity ( Table 1 ). There are some small differences, particularly on the density reflectivity. There are several possible causes for them, including nonvertical incidence on the receivers, component leakage and small errors in Aki and Richards' approximation compared to the full stress-strain tensor result. 
Seismic Data Results
The first item of note is the remarkable data quality of modern P-S converted-wave seismic acquisition and processing (Fig. 5) . These results allow for the use of AVO on these data. In the past, P-S seismic data has been so noisy that the only information derivable from it was structural components from the stack. Now that clear events can be seen in the pre-stack gathers, the possibility of extracting petrophysical information from these data presents itself.
Fig. 5: P-S common offset stacks from the converted-wave seismic data shot over the Long Lake Project with inverse P-S scaling applied to balance the amplitudes across the gather. In color in the background are the estimated angles for P-S AVO; incident angle is the background for the gathers on the left and emergent angle for those on the right.
P-S AVO has been applied to the P-S data shot over the Long Lake Project, a Nexen/OPTI synthetic oil joint venture in North-Eastern Alberta. The reservoir consists of a mixture of bitumen and sand with the bitumen actually supporting the very high porosity sand. It also consists of breccias, shale plugs and a mixture of thinly bedded sands and shales. The reservoir is being produced using the SAGD process. So far, the most significant barriers to production are the shale plugs, which sometimes occur between the steam injector well and the producer, rendering the SAGD process and its two horizontal wells useless. So, it is important to be able to identify where these shale plugs exist. The estimated shear rigidity (mu) reflectivity shows a remarkable correlation to the gamma ray logs overlying it. Only hints of this correlation have been observed in the P-S stack or the P-P data. Strong reflections on the P-S AVO rigidity reflectivity section correlate very well with zones of high shale content as indicated by the gamma ray log (Dumitrescu et al, 2003) . Rigidity may be a good indicator of shale in this reservoir since the shale should be more consolidated than the surrounding unconsolidated heavy-oil reservoir sands, so the observed correlation seems to make sense physically. Therefore, the shear rigidity reflectivity derived from the P-S data in this reservoir may prove to be extremely important in deciding where and at what depth to drill future wells in this reservoir.
Density reflectivity has also been derived from these data. It shows a less marked correlation with the density logs than the shear rigidity reflectivity has with the gamma ray logs. Note, however, that there are two density logs from wells that are 150 m apart that appear significantly different. Such vast differences over such a small distance suggest either extreme heterogeneity in the reservoir or that the density logs require editing. So, as yet, the density reflectivity results are inconclusive.
Conclusions
P-S AVO appears to be applicable using modern 3C P-S V seismic data. This is largely due to substantial improvements in both acquisition technology and multicomponent processing algorithms in the last few years. P-S AVO is capable of estimating the reflectivity of the density and the reflectivity of a shear-wave component: one of shear-wave velocity, impedance or rigidity. The methodology has been tested with both synthetic seismic data and 3C seismic data from the Long Lake Project. The synthetic data shows that the P-S AVO equations produce the expected results and the application of P-S AVO to the Long Lake Project 3C data suggests that it may be very useful in identifying shale plugs that are barriers to SAGD production in this heavy oil reservoir.
